4
underlying disease conditions (such as diabetes mellitus, liver cirrhosis, and 68 hemochromatosis) and can lead to septicemia as a severe outcome of the infection (14) (15) . 69
While performing mice oral administration of Y. pseudotuberculosis with a feeding needle, it 70 has been regularly noticed that some animals exhibit spleen infections without displaying the 71 presence of bacteria in Peyer's patches (PPs) or mesenteric lymph nodes (MLNs), suggesting 72 the passage of bacteria in the blood stream independently of the colonization of the gut-73 associated lymphoid tissues (16). Since it has been reported that needle gavage can cause 74 lesions in the oropharyngeal region (3), we decided to re-examine this mode of administration 75 and compare it to an alternative administration method (bread feeding) with fully virulent Y. 76 pseudotuberculosis and Y. enterocolitica strains expressing bioluminescence in order to 77 follow bacterial dissemination over time in the whole animal body. Our results clearly 78 illustrate that needle feeding promotes bacterial colonization not only of the intestinal tract 79 but also the neck region with a tropism for salivary glands lymph nodes. On the contrary, 80 bread feeding induces a much more robust intestinal tract infection that is never associated to 81 neck region infections. Moreover, bread feeding allows to protect bacteria from the acidic 82 environment of the stomach. We conclude therefore that bread feeding is a better oral 83 administration route to investigate the pathophysiology of bacterial enteropathogen infection. 84 85 Results 86 5 enterocolitica strain belongs to biotype 1B serotype O:8, it was isolated from the blood of a 93 human patient and was shown to be virulent in rodents (19) . 94
To perform a comparative analysis of bacterial dissemination in vivo after oral infection, 95 strains IP32953 and WA were genetically engineered to constitutively express 96 bioluminescence. In order to correlate bioluminescence to bacterial numbers during animal 97 infection, the luxCDABE operon (placed under the control of the constitutive rplN promoter) 98 was stably introduced into the Yersinia chromosome using the mini-Tn7-transposon 99 technology (20, 21). 100
The resulting strains, IP32953-lux and WA-lux, harbor the construct mini-Tn7-Km-P rplN -101 luxCDABE between the two housekeeping genes glmS and pstS ( Fig. S1A) We first set up the bread feeding protocol in OF1 mice based on a previously reported 117 methodology (7) . In our study, instead of using melted butter as a vehicle to deliver bacteria 118 and to attract mice to bread, mice were first trained to feed on bread only (see Materials & 119 Methods) and then were infected with bread supplemented with a bacterial suspension in PBS. 120
A pilot experiment using this new method allowed us to validate that within less than 5 min 121 mice consumed bread supplemented with 8E7 IP32953-lux CFUs, subsequently exhibiting 122 bioluminescence in the PPs and MLNs, confirming therefore Y. pseudotuberculosis 123 colonization and dissemination in the intestinal tract as expected for an enteropathogen (Fig.  124 
S1B). 125
We then proceed to compare needle versus bread feeding as oral administration routes. 24 h 126 after oral administration of 3.5E8 IP32953-lux CFUs, mice were monitored for 127 bioluminescence and regions of interest (ROI) were identified for bioluminescence imaging 128 (BLI) measurements. Upon needle gavage, up to 80% of the mice displayed a BLI signal in 129 two distinct regions of the body, one in the expected abdominal region and a second in the 130 neck, whereas upon bread feeding none of the mice exhibited a neck signal and 131 bioluminescence was restricted to the abdomen (Fig. 1A) . ROI measurements in the neck 132 region of needle-infected mice indicate that the level of BLI is similar to the one coming from 133 the abdominal region, suggesting that bacteria colonize, disseminate and multiply in the neck 134 as efficiently as in the abdomen (Fig. 1B) . This comparative analysis indicates that oral 135 administration of Y. pseudotuberculosis using needle feeding results in infection of the neck 136 region, a phenotype that is not observed upon bread feeding. A similar phenotype was 137 observed using the Y. enterocolitica WA-lux strain indicating that this phenomenon could be 138 extended to other pathogens (Fig S4) . LNs from the salivary glands region ( Fig. 2A, 2C 1 , 2D 1 ). Although there was no preferential 150 right or left LN colonization, we often noticed that after removal of a first LN producing high 151 amounts of photons, it was possible to identify secondary LNs producing less light, indicating 152 variable levels of bacterial colonization among LNs. Each time a BLI positive LN was 153 isolated, we verified its bacterial content by homogenization and CFU counting on agar plates 154 ( Fig. 2C 1 , 2D 1 ). In addition to LNs, we noticed in 70% of the mice a strong BLI signal in the 155 esophagus and/or trachea ( Fig. 2B, 2C) . Dissection of the esophagus and trachea sections 156 associated with BLI allowed us to localize bacterial colonization at the junction of these two 157 structures ( Fig. 2C 2 ), suggesting a probable deposition of bacteria in the tissue consecutive to 158 the introduction of the needle in the esophagus. Finally, half of the mice emitted a BLI signal 159 in the oral cavity corresponding most of the time to the skin associated to the lip (Fig. 2D,  160 2D 2 ). A similar analysis performed on mice infected by needle gavage with the strain Y. 161 enterocolitica WA-lux led to the same conclusions, where the BLI signal was detected at the 162 laryngopharynx region, draining LNs and skin from the oral cavity ( Fig. S4) . 163
From these results, we speculate that the use of a feeding needle entails a risk of creating Interestingly, this difference in the increase of the abdominal BLI signal between treatments is 220 not observed anymore at a higher infectious dose (2.5E7, Fig. 6 ), suggesting that the bread 221 and the needle PBS+CaCO 3 treatments allow a more sensitive monitoring of bacterial 222 infection progression at low infectious doses ( Fig. S6) . It is noteworthy that even at low 223 bacterial concentrations (2.5E5 CFU), needle feeding (with or without CaCO 3 ) leads to neck 224 colonization, whereas none of the mice showed a neck BLI signal upon bread feeding (Fig. 5) . 225
Our results therefore suggest that infection using bread feeding is more physiological for Y. 226 pseudotuberculosis delivery to the intestinal tract, resulting in an efficient colonization even 227 at low inoculum concentrations. 228
Discussion 229
When studying host pathogen interactions, the choice of a laboratory experimental model of 230 infection is crucial. Besides the choice of the animal species and the pathogen to study, 231 important parameters that have to be taken into account include the control of the dose of the 232 infectious agent administered to each animal, the rapidity to handle the animal and the stress 233 induced by the animal manipulation. For decades, laboratories interested in studying animal 234 oral infection have used needle feeding to orally deliver infectious agents. Although needle 235 feeding allows to control the delivered dose, there are drawbacks such as the requirement of a 236 specific manipulator training, the use of anesthesia when animals are particularly agitated, or 237 the stress induced by the handling of the animal. In the present work, we show that bread 238 feeding allows a non-traumatic pathogen administration, where animal handling is minimized 239 on February 24, 2020 by guest http://iai.asm.org/ Downloaded from and therefore is less stressful for both the manipulator and the animal. We found that the 240 habituation step to feed on bread few days prior to the infection is crucial for effective bread 241 feeding, with no need of additional melted butter as a vehicle as proposed by others (7) (8). 242
Bread feeding constitutes a very good administration method since it allows a control of the 243 dose administered and is a fast procedure where all bread is generally consumed by mice in 244 less than 5 minutes as opposed to the drinking water method (within several hours) described 245 by others (10). 246
Importantly, in this study we demonstrate that the use of needle gavage induces damage to the 247 oral cavity of infected animals, leading to pathogen colonization in tissues and organs distant 248 from the intestinal tract. Although it is not known whether such artificial colonization affects 249 the intestinal infection process, it is reasonable to question its impact on the overall host 250 immune response. For example, Barnes and collaborators have reported Y. pseudotuberculosis 251 translocation to organs such as liver and spleen shortly after oral inoculation with a feeding 252 needle (16). Although the authors did not mention neck injury, it is possible that some lesions 253 caused by the needle participated in this early translocation. In this context, it is important to 254 mention that our results suggesting no significant differences in the LD 50 between mice 255 infected via needle versus bread feeding may potentially mask important differences in organ 256
colonization. 257
Our study also shows that bacteria directly delivered in PBS via needle feeding are 258
susceptible to the acidic environment of the stomach. Even tough this susceptibility can be 259 rescued by buffering the bacterial suspension with CaCO 3 , this infection method still 260 produces artificial neck colonization. On the contrary, bread feeding provides both bacterial 261 protection against the stomach acidic environment and fully eliminates colonization of the 262 neck region. Overall, our results encourage us to reinvestigate the infectious process by Y. For oral gavage mice were administered a 0.2 mL bacterial suspension using an animal 311
feeding stainless steel bulbous-ended needle (0.9 mm × 38 mm, 20G × 1.5″, Cadence Science 312 cat. no. 9921). The bulbous-ended needle was inserted over the tongue into the esophagus and 313 stomach as previously described (23). When required, the 0.2 ml bacterial suspension used for 314 on February 24, 2020 by guest http://iai.asm.org/ Downloaded from 14 oral gavage (feeding needle) was mixed with 0.3 ml of a 50-mg ml −1 suspension of CaCO 3 in 315 PBS without CaCl 2 /MgCl 2 and the 0.5 ml mix was administered. Since CaCO 3 is not soluble 316 at this concentration the bacterial suspension was mixed to CaCO 3 at once before each 317 feeding needle injection. 318
For bread feeding, mice were first adapted to feed on bread prior to the infection. Thus, three 319 days before infection, the food was replaced by small pieces of white bread (approximately 9 320 mm 2 ) to allow mice to feed on bread for a 2 h period. The same bread adaptation was repeated 321 once 24 h before infection. Then 16 h prior to the infection the food was removed, and mice 322 were fasted with access to water. A 20 L bacterial suspension (with or without 323 supplementation of CaCO 3 ) was deposited on one piece of bread, placed in an empty and 324 clean cage where one mouse was introduced. Each mouse was visually monitored until 325 complete bread feeding. Generally, bread feeding took from 30 seconds up to 10 minutes per 326 mouse. After feeding animals were housed in a cage with new litter, and access to food and 327 water ad libitum. 328
After infection animals were monitored daily for 21 days and every day the litter was renewed 329 in order to limit accumulation of feces in the cage and avoid cross contamination between 330 mice. 331
332

BLI imaging and dissection 333
In vivo imaging was performed with an In Vivo Imaging System (IVIS 100, Caliper Life 334 Sciences). Animals were anesthetized using a constant flow of 2,5% isoflurane mixed with 335 oxygen. Images were acquired with binning 4 and an exposure time from 10 sec. to 2 min. Survival curves were compared two by two using a Log-rank (mantel-Cox) test. A linear 354 mixed model was fitted using the nlme R package to test for the difference of the BLI signal 355 evolution (on the log10 scale) between the three protocols of administration (bread feeding, 356
needle feeding with or without CaCO 3 ). The mouse effect was included as random so that a 357 random intercept and slope were attributed for each animal. The calculated mean slopes were 358 compared and p-values ≤0.05 were considered significant. 359
To determine the 50% lethal dose (LD 50 ), mice (six to seven per dose) were infected with 10 360 fold serial dilutions of bacterial suspensions (from 2E5 to 2E8 CFUs) and were monitored for 361 three weeks. LD 50 was calculated using the Reed and Muench method (24) where the number 362 of survival (y 1 ; … ; y i ; … ; y n ) and death (z 1 ; … ; z i ; … ; z n ) for each dose (x 1 ; … ; x i ; … ; 363
x n ) are measured. The method takes into account the cumulative values of death (for dose p ; 364 on February 24, 2020 by guest http://iai.asm.org/ Downloaded from Y p = ) and survival (for dose p ; Z p = ) for all the doses. These values allow the 365 calculation of mortality as M p = 366 For M p =0,5 (the mortality at the 50% lethal dose) we chose the dose as M j M j+1 367
And then we calculate the proportional distance as D= 368 OF1 mice were infected with 3,5E8 IP32953-lux Y. pseudotuberculosis CFUs using bread or 43 feeding needle and at 0.5, 6, 24, 48 and 72 h post infection mice were imaged using an IVIS 44 
